The great success of US commercial shale gas exploitation stimulates the shale gas development in China, subsequently, the corresponding supporting policies were issued in the 12th Five-Year Plan. But from the experience in the US shale gas development, we know that the resulted environmental threats are always an unavoidable issue, but no uniform and standard evaluation system has yet been set up in China. The comprehensive environment refers to the combination of natural ecological environment and external macro-environment. In view of this, we conducted a series of studies on how to set up a comprehensive environmental impact assessment system as well as the related evaluation methodology and models. First, we made an in-depth investigation into shale gas development procedures and any possible environmental impacts, and then compared, screened and modified environmental impact assessment methods for shale gas development. Also, we established an evaluating system and assessment models according to different status of the above two types of environment: the correlation matrix method was employed to assess the impacts on natural ecological environment and the optimization distance method was modified to evaluate the impacts on external macro-environment. Finally, we substitute the two subindexes into the comprehensive environmental impact assessment model and achieved the final numerical result of environmental impact assessment. This model can be used to evaluate if a shale gas project has any impact on environment, compare the impacts before and after a shale gas development project, or the impacts of different projects.
Complex technologies such as multi-stage large-scale hydraulic fracturing, horizontal well drilling not commonly used in the development of conventional gas are generally necessary in shale gas development [1] . The application of such high-end sophisticated technologies is associated with higher resource investment and energy cost, and thus more serious impacts on the environment.
According to the shale gas development impact on environment, environmental regulators should develop a more appropriate method of environmental impact assessment, to provide a guiding method for the feasibility study and environment supervision of shale gas development.
Analysis of the environmental impact of shale gas development
In environmental protection, we can learn and draw lessons and get inspiration from the experience of shale gas development in the United States, which will provide reference for the upcoming large-scale shale gas development.
1.1. Shale gas development process and its impact on natural environment 1.1.1. Shale gas development process Shale gas development process can be divided into starting and drilling stage, hydraulic fracturing stage, production and processing stage, and well plugging and abandonment stage. Starting and drilling stage involves the wellsite construction and drilling; the key of hydraulic fracturing is fluid (high pressure air or fresh mud) and proppant pumping, during which high pressure produced by ground equipment breaks down the shale and makes the crack propagate to allow hydrocarbon drainage; after drilling and hydraulic fracturing, the wellhead will be installed, and gas will be collected and delivered by flowlines to processing facility for processing, but in some cases, the production and drilling may be carried out at the same time; when a gas well reaches the end of its service life or fails in development, it will be plugged and abandoned.
1.1.2. The impact on natural environment 1.1.2.1. The impact on water 1) Impacts on underground water. The groundwater contacted with shale gas wells may be polluted in the following ways: ① Fracturing fluid and flowback fluid could access and pollute groundwater source by leaking through wellbore outer layer, or in the creating or propagating of hydraulic fractures. Hydraulic fracturing is aimed at creating fractures in the target formations, but once the fractures extend beyond the target formation and reach other formations, pollutants would be carried to other formations and pollute groundwater [2] . ② Groundwater contamination is caused by operational errors or catastrophic failure of development. Generally, a shale gas well goes through several layers of aquifer, so a wellbore must be constructed to support and isolate formations. Casing is installed in a wellbore to isolate the well and surrounding formations and other formations such as freshwater aquifers, saline aquifers, etc. The damage of gas well casing or the lack of integrity of initial casing configuration is likely to cause pollution of formations including aquifers. In the case of a wellbore failure, fracturing fluid and flowback fluid may cause pollution through the casing. 2) Impacts on surface water. Generally, surface water is the general name of creeks, rivers, streams, lakes and ponds on the ground. The main hazards of well site operating independently to surface water include: leak or spill of waste liquid or gas because of limited storage capacity, operating error, rain or flood, or poor quality of the project; Leakage of fracturing fluid in the transportation or mixing operation due to pipeline failure or operation errors, etc; flowback fluid spill in transmission or delivery to the storage space due to pipeline troubles, failed reservoir fracturing, insufficient storage space, or operating errors etc; lost control of flowback fluid because of storage tank break, limited storage capacity, heavy rain or flood etc; spill of flowback fluid during transportation or in waste water processing plant.
Land occupation and ecological impact
If cluster well technology, the most popular development mode in the U.S. at present, is applied, only one wellpad is needed for 6e8 horizontal wells [2] . When several multilateral horizontal wells are drilled from one wellsite, the land area of the well site may be 2000 m 2 bigger than a single vertical wellsite. Therefore, at the beginning of drilling and fracturing, an average wellsite occupies an area of 15,000e20,000 m 2 . In 2008, a survey on the Fayetteville shale play in Arkansas by DOI showed that every vertical shallow well has a wellsite of about 8000 m 2 , construction passageway of about 160 m, and equipment channel of about 880 m, so each well would cause surface disturbance of 20,000 m 2 . The survey also showed that a horizontal wellsite, and associated construction passageway and equipment channel in Arkansas state take up 14,000 m 2 , and make ground disturbance of 28,000 m 2 . If the horizontal well pattern is adopted for a wellsite with four branch horizontal wells, although the wellsite is 2000 m 2 larger than a single vertical wellsite, a ground disturbance of 30,000 m 2 will be resulted in. Comparatively, the ground disturbance caused by a single multi-lateral horizontal well is much less than a vertical well, which is one of the advantages of multilateral horizontal wells.
Impact on atmosphere
1) Air pollution. Shale gas exploration and production process may become an air pollution source, but in different construction stages air pollution sources are different: in the early stage of construction, atmospheric emissions may come from the rig of fossil fuels or diesel pump from fracturing process; in the process of completion, atmospheric emissions may come from shale gas burning and blowoff and the transportation vehicle tail gas emission. The components of air emissions in the process of shale gas exploration and development are: nitrogen oxides generated by fossil fuel combustion for providing machine power; volatilization of organic compounds (VOCs) during the dehydration process when shale gas is out of the ground; benzene, toluene, ethylbenzene and other substances in the natural gas although very low in content, are environmental pollutant sources of shale gas. 2) Emission of greenhouse gases. In order to compare conveniently, the greenhouse gases emitted during shale gas development are converted into CO 2 equivalents. According to statistics, the greenhouse effect value of NO 2 (100y) is 310, and that of CH 4 GWP (100y) is 25. According to the references in this paper [3e5], in accordance with the development process, the shale gas development is divided into wellsite preparation, drilling, hydraulic fracturing, completion, wastewater treatment, production and processing, well plugging and abandonment stages, and the greenhouse gas emission in each stage was estimated, the results are shown in Table 1 . 3) Traffic impact. In addition to the impact of well sites, there will be lots of transportation vehicles in the construction of well sites, which could cause traffic jam. Data shows that the total number of truck times on each well site (with 6 wells) is about 4315e6590 (of which approximately 90% of the truck traffic is related to the hydraulic fracturing). Such dense truck traffic will have a serious impact on local traffic and cause damage to the road. 4) Earthquake. In a lot of literature, shale gas development is warned as one of the possible factors inducing earthquake. Hydraulic fracturing may induce earthquakes because the high hydraulic pressure can lead to the release of energy, Most of these energy-releasing events are small in scale, and can only be detected by sensitive seismic monitoring equipment. So far, there is no information on the correlation between shale gas development and earthquake. A report of British Geological Society (BGS) states that rock break caused by high-pressure water injection could induce earthquakes, so not only shale gas development, but all deep Table 1 The estimated greenhouse gas emission per well in the process of shale gas development.
Stage Estimated emission/t Assumptions and methods References
Wellsite preparation 300 The emission source is mainly engine combustion [5] 
300
Based on bulldozer energy consumption of 1235 GJ/ha, excavator energy consumption of 98 GJ/ha; well site 5 ha, each well costing 0.62 ha [4] 390 well site area 2 ha, road 0.62 ha, the EIO e LCA model of well site and road was established to estimate emission [3] Well drilling 600 The drilling cycle 15 d, 12 h a day, the engine 4500 horsepower, with fuel consumption rate of 250 g/kWh Hydro fracture 900
Total drilling footage 3878 m (2678 m deep and 1200 m long), water consumption in hydraulic fracturing 22/700 m 3 , with a recovery rate of 40% [4] 900
Water consumption in hydraulic fracturing per well from 9100 m 3 to 182 000 m 3 Half of the water from surface water, 1/2 from water treatment plants, the distance of truck transportation 8e16 km [3] Well completion 3600 The mean value is calculated according to the methane capture data from four sites (1000 completed gas wells in multiple types of formations) [5] 3450 Gas leak is calculated according to completion data of 98 new wells (shale gas, tight sandstone gas) provided by 5 companies [4] 3510 If the spill gas is burnt, calculate according to burning time.
[3] Waste water treatment 0.3e9.4 Estimate according to waste water volume of 9100e18,200 m 3 , and flowback ratio of 15%e80% [4] 30
Assuming that all waste water is injected in deep wells. 454 m 3 (15%) used in drilling, 600 m 3 (20%) used in hydraulic fracturing, the rest in injection [3] Production/Processing 18,000 formation activities such as geothermal engineering, oil exploration etc are likely to induce earthquake. 5) Radiation. Naturally occurring radioactive materials carried to the surface by flowback fluid would retain in the debris or dissolve in the flowback water, or, under certain conditions, precipitate in the sludge or waste solid. The radiation of these radioactive substances is generally weak, unable to penetrate dense materials such as steel pipe, therefore, the concern on natural radioactive substances in oil and gas industry is that when these naturally occurring radioactive materials precipitate over years in the production equipment, and reach a certain amount (1 hour over 5 mrem or continuous 5 days over 100 mrem) of radiation, it is necessary to provide protective gears for the personnel concerned.
Impact of shale gas development on macroenvironment
The impact of shale gas development should be judged dialectically: if a shale gas development project is well done in land compensation, resource conservation, resettlement, social welfare, employment security etc, and wins the approval of local residents, then the project will be conducive to the local community stability and development; on the contrary, the project is likely to generate a lot of social problems, stimulate social conflicts, reduce social stability, and aggregate the legal environment. The impact of shale gas development on social environment, policy and law and economic environment will be analyzed in the following section.
Impact of shale gas development on social environment
The impact of shale gas development on social environment should be viewed from regional development perspective. Shale gas development can be a big promotion to the regional social development in several ways: a shale gas development project could drive the improvement of local roads, electricity, communications and other infrastructures, the speed-up of local urbanization and industrialization, the enhancement of social life quality and social welfare, and elevation of social civilization degree. Social environment impact assessment factors include social development impact, social and cultural adaptation, social stability and social benefit [6e8].
Impact of shale gas development on policy and law environment
As a carrier of the social and economic development and realization form, shale gas development projects must obey national policy guidance and local regional development planning, and shouldn't conflict with national and local laws and regulations. Therefore, the influence of shale gas development on policy and law should be based on whether it is in line with the policy guidance and legal provisions of the state, and the legitimacy is an important evaluating indicator [6e8].
Policy and law environment influence factor includes three levels: national laws and regulations, regional strategic planning, and industrial policy guidance. Conformity between a project and the national law mainly examines whether the shale gas development project has any content or activities violating national legal procedures and principles in the project demonstration, mid-term review and late-term operation. Conformity between the project and regional strategic planning mainly looks at whether the shale gas development project is in the local area development planning and whether the project site selection and financing conditions are in line with the regional environmental function zoning. Conformity between the project and national industrial policy mainly examines whether the shale gas development project is in compliance with relevant national industrial policy orientation.
Impact of shale gas development on economic environment
From the perspective of regional economic development, shale gas development can play an important role in driving and have the following impacts on the development of regional economy:
Output value of a project can make great contribution to the local GDP. Once the shale gas development is successful, its output will be billions or even hundreds of billions. Especially in the central and western economically under-developed areas, shale gas could become an important part of the region's GDP. Besides, in the development of shale gas, various taxes and fees should be paid to the local and national governments, such as resettlement compensation, land expropriation compensation, discharge, ecological compensation and resource tax and so on. The development of shale gas will drive the development of local supporting industries and commerce. Massive material input and demand in the shale gas development process will drive the local economic development. Moreover, when the shale gas is produced, some industries like natural gas power generation, natural gas chemical industry and building materials also will be boosted. The development of shale gas will directly or indirectly drive the local employment and draw external investment, exerting inestimable promotion on the local economic development.
Therefore, four economic environment evaluating indicators such as GDP contribution, supporting industries, regional financial income and people's income are selected to evaluate shale gas development projects in this study. The four economic environment evaluation factors are in the form of ratio and can be obtained from the local bureau of statistics [6e8].
Evaluation system and method

Evaluation system
According to the design of system evaluation model, the final result of shale gas development comprehensive environmental impact assessment is called the total environmental impact assessment index. Accordingly, the sub-environmental impact results below the total environmental impact assessment index are called the environmental impact assessment subindexes [9] , the relationship is shown in Fig. 1 .
Each subindex consists of environmental factors and evaluation indexes of environmental factors. The evaluation indexes are divided into two categories: natural ecological environment and macro-environment. Macro-environment impact subindex include social environment impact appraisal subindex, subindex of policy and law environment impact, and economic environment impact evaluation subindex, which are all positive indicators [9] .
Natural ecological environment impact assessment
Through comparison and selection, the environment comprehensive evaluation method of correlation matrix method is adopted for the evaluation of the natural ecological environment impact assessment subindex in this study. Through correlation matrix method, the natural ecological environment influence matrix is prepared ( Table 2 ).
Assume that W j denotes the importance of environment factor j in the environment, i.e. the weight (in fraction, P W j ¼ 1 ), M ij denotes the impact of development activity on environment factor j (1 < M ij < 10). The weight of an environmental element is decided according to its importance in a shale gas block, for example, the weight of water in an arid region is bigger than in an area with abundant water.
The value of M ij is obtained by experts based on past development cases and actual conditions of a block.
The total effect model of all development activities on the environment factors j is:
The impact model of development activity i on the whole environment is:
The impact model of all development activities on the whole environment is:
Where, all parameters and variables are shown in Table 2 .
Since the natural ecological impact assessment results need to be combined with macro-environment influence evaluation results to form the comprehensive evaluation model, the T value needs to be non-dimensionalized by threshold method. The threshold value is a special index measuring the development of things, for example, satisfaction value, non-allowable value, maximum value, and minimum value etc. Threshold method is a non-dimensional method of index evaluation value through dividing the actual index value by the threshold value [10] . T max is the maximum value of T, T max ¼ 10 Â 8 Â 6 Â 1 ¼ 480.
where, T 0 is dimensionless numerical value of T, and all parameters and variables are the same as the above.
Macro environmental impact assessment 2.3.1. Quantitative analysis of macro environment indicators
According to the index system of macro environmental impact (Table 3) , the evaluation methods for macro environmental impact was established. There are a series of evaluation indexes for measuring the effect of shale gas development on the three environments.
Because the evaluation indicators of three sub-indexes are all positive, it is assumed that each indicator compliance degree is between 0 and 1 [11] . The evaluation indicators of social and environmental impact assessment sub-index and economic environmental impact evaluation sub-index is generally in ratio; policy and the score of legal environmental impact assessment evaluation sub-index is obtained through investigation and analysis of the characteristics of project block by experts organized by environmental impact analysis department [12] . Fig. 1 . The comprehensive environmental impact assessment system of shale gas development. Table 3 Macro environment impact index system.
Subindex
Environmental factor Evaluation index Property of index Conformity of project and regional development planning
Positive indicator
The subindex of economic environmental impact C(weight is g)
The contribution to regional GDP C 1
Proportion of development project output value in regional GDP C 11
Positive indicator
Contribution rate to regional GDP growth C 12
Positive indicator Contribution to regional finance and taxation
Proportion of project tax in the regional fiscal revenue C 21
Contribution rate to regional fiscal growth C 22
Promotion of supporting industries C 3
proportion of project supporting industry output value in the regional GDP C 31
Total income of project supporting commerce C 32
Positive indicator Table 2 Natural ecological environment influence matrix of shale gas development process.
Environmental elements j Development behavior i Gas well plugging and abandonment ( The sub-index of social environment impact assessment, policy and law environmental impact assessment, economic environment impact assessment is assigned to weight of a, b and g respectively (a þ b þ g ¼ 1). The three weights are different in value in different macro environments of different areas, and the specific scoring data is obtained by Delphi method.
Macro environment impact assessment methods
For evaluation of the environmental effects, the optimal value distance method indicates the influence produced by the activity or project with distance value between the actual value effect and optimal value effect [13] . The numerical results obtained from the optimal value of distance method is the gap between the environmental impact of the development activities and the effect of the optimal value, the negative impact of shale gas development on the natural environment is obtained thus to get a sum of all negative impacts.
The basic idea of the optimal value distance method is to compare the actual value and the optimal value of each item. The gap between them is taken as the evaluation value of the item, typically the evaluation value calculation formula of individual item is written as:
Evaluation value ¼ (1À actual value/optimal value) Â 100. This method is modified:
In this case, the actual value and the optimal value of each indicator is defined in the range of [0, 1] .
All evaluation indicators of the three sub-indexes are calculated in this way. A three-dimensional coordinate system with the three sub-indexes is established to calculate the comprehensive distance in the coordinate.
The calculation process involves: building a threedimensional coordinate system with the three sub-indexes as A, B and C axes. The three-axes represent the social environment impact assessment sub-index (A axis), environmental impact assessment policy and legal sub-index (Baxis), economic environment impact assessment sub-index (C-axis) respectively with a unit length of 1. A axis indicating social environment impact sub-index has 9 evaluation indicators, B axis representing the policy legal environment impact sub-index has 3 evaluation indicators, C axis representing economic and environmental impact sub-index has 8 evaluation indicators.
Evaluation criteria: The value of the three indexes is taken as three coordinates of the project to determine the location of that point in the coordinate system. Since the point (9, 3, 8) is the optimal value point, so the closer to the point (9, 3, 8) , the larger the environment positive effect, and vice versa. The environmental impact of different blocks or projects in terms of social environment impact, policy and law impact, and economic environment impact can be compared by the distance of the point to the (9, 3, 8) . This method is the threedimensional expression of optimum distance method.
The calculation model after weight is introduced is: where, d is the distance to the optimal value; a, b and g are weight; other parameters and variables are the same as the above.
The larger the d, the smaller the positive impact on environment is. Since this value is to be combined with the natural ecological environment impact assessment results to form the comprehensive evaluation model, the threshold method is used to non-dimensionalized value. d imax is the maximum value of d, the optimal value after weight of the three environmental factors is decided.
where, d 0 is the dimensionless numerical result of d; all the other parameters and variables are the same as the above.
Comprehensive environment impact assessment modeling method
After non-dimensionalization, the natural ecological environment impact assessment result and the marcro environmental impact assessment result are added up to get the final comprehensive evaluation result. 
where, G is the total impact, all the other parameters and variables are the same as the above. Due to the generality of weight assignment and scoring, the projects in different regions and different macro environments are evaluated with the G value. The larger the g value, the bigger the impact of a shale gas development project on the environment, the severer the damage to natural ecological environment, the less the positive influence on the social environment, policy and law environment and the economic environment will be. The smaller the g value, the smaller the impact of the project to environment, in other words, the smaller the damage to the natural ecological environment, the bigger the positive impact on social environment, policy and law environment, and economic environment. For shale gas development operators, the smaller the g value, the better. This result can be used to compare the impact of a shale gas development project, and that of different projects.
3. Application value of the method model 1) From the angle of policy and regulation. National shale gas "the twelfth five-year" development planning proposed the supporting macro-policy for shale gas industry development, but there is no specific promotion rule, so this gives local governments more autonomy. The local government's supporting policy for shale gas development plays an important role. The model in this paper will be helpful for the local government's decisionmaking by changing the weights and parameters according to the characteristics of local conditions. 2) From the angle of regional social and economic development. Shale gas development is important to the macro environment, especially the development of economy and society, but the degree varies in line with the local economic and social development level. Local governments should not only notice the increase of local GDP or the benefits of cultural development due to shale gas development, but also consider the natural ecological environment factors to make the comprehensive judgment. The model in this paper can be used to make comprehensive evaluation. 3) From the angle of natural ecological environment protection. The demand on and pollution to water is the most prominent characteristics in natural ecological environment pollution caused by shale gas development. The pollution of surface water and ground water will cause pollution to crop irrigation and residential drinking water, even threaten people's life and health. The large amounts of greenhouse gases emitted in the development process will push the global climate change, and affect surface vegetation. The model in this paper can detect pollution source and sensitive environmental factors, thus help reduce the damage to natural ecosystem pertinently. 4) From the angle of tradeoff between economic development and environmental protection. Due to the concerns on environment, some local residents strongly objected to the shale gas projects, and bloodshed happened in some places. All this is due to the lack of relevant knowledge of local residents and poor communication.
The model in this paper covers not only the impacts on economic and social development, but also the impact on natural ecological environment concerned by the masses. On the basis of third party or related expert scoring, the evaluation results on environmental impact can be obtained by this model, which can relieve the contradiction between the natural environment and the economic, social and policy development.
